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The baseline for this optimization work is a basic version of the kernel which runs on both the CM-5 and CM-200. An optimized version for the CM-5 is produced and its performance is compared with the basic version on both CM-5 and CM-200 as well as the best-performing CM-200 version.
The optimizations described below took place during a staged upgrade of the NRL CM-5 hardware to CM-5E level. These changes included replacing the Cypress SPARC processing nodes with Viking SuperSPARC chips, upgrading the network interface (NI) chips, quadrupling the memory to 128 MBytes per node, and increasing the clock speed from 32 MHz to 40 MHz. Some effort has been made to identify and separate the improvement derived from the hardware upgrade from those improvements made through kernel software changes. We hope mature software able to take greater advantage of the improved network hardware will yield a significant performance increase. The remainder of the code is affected by some of the changes made to the kernel so additional work is needed before these improvements can be applied to the full forecast model. The next section summarizes the performance that has been achieved. Section 3 provides some background information about the kernel. The changes that were retained in the optimized version are documented in Section 4 and the resulting performance is given in Section 5. Changes which were considered but not implemented in the optimized version are described in Section 6. The report concludes with future plans and some final remarks in Sections 7 and 8. filled in since elements of the lower triangle are simply the inverses of the corresponding upper triangle elements. In our experience with upgrading a CM-5 to CM-5E, performance of the CM-5E is almost exactly 25% greater than the CM-5. Absolute performance figures are given in Section 5.
SUMMARY OF RESULTS
CM-200 relative performances shown in figure 1 were obtained from measurements on the NRL machine using 512 Floating Point Units (FPUs) in slicewise mode. CM-5E performance figures were derived from measurements on all 256 processing nodes (PNs) of the NRL machine. Each processing node is equipped with four vector units (VUs) per PN.
Comparisons between the NRL CM-200 and the NRL CM-5E are complicated by differences in architecture, particularly with regard to floating point functional units. Considering just the clock rates and hardware floating point unit counts of both CM-5 and CM-200 configurations, a relative performance level of about 16 MHz 1024 VUs 10 MHz ' 512 FPUs ~ would be expected. For the CM-5E compared to the CM-200, relative performance would be expected to be about 20 MHz 1024 VUs 10 MHz ' 512 FPUs ~ ' These simple metrics yield a potentially useful summary characterization but they ignore the significant differences in the network architectures of the CM-200, CM-5, and CM-5E. Counterbalancing this oversight is the fact that the CM-5 architecture is intended as a successor to the CM-200 and, having been developed by the same company, probably embodies similar design assumptions.
The changes made to improve CM-5 performance are in the fine details of the code. Since no significant changes were made to the baseline processing approach, it is clear that the CM-200 data layout has continued to be efficient for the CM-5.
BACKGROUND
The conversion of model variables between spectral space and a grid space representation occurs during every forecast model timestep. Efficient mappings between grid and spectral spaces are therefore critical to performance. Much of the remaining model timestep computation is done element-by-element in either spectral or grid space. Since element-by-element computation presents few problems on a distributed memory parallel processor, primary focus for optimization is on efficient transforms between spectral and grid spaces.
The process of converting from spectral space to grid space consists of evaluating the double sum l=On=l ax
(1)
where A and 0 are the longitude and co-latitude, F(X,0) is the grid space quantity, the /£ are the corresponding spectral expansion coefficients in zonal wavenumber / and ordinal wavenumber n. The sums range to the truncation limit J. The functions p l n (0) are the associated Legendre polynomials, evaluated at co-latitude 0. Co-latitudes are chosen such that an exact Gaussian quadrature can be performed during the grid to spectral computation. The inner sum is sometimes referred to as a Legendre transform and the outer sum is a discrete Fourier transform.
The quantities /£ form a triangular array as shown in figure 2 . This array has been linearized as discussed in [6] . 
IMPLEMENTED OPTIMIZATIONS
Four separate groupings of optimizations were implemented. The most fundamental change involved reordering array axes to be more consistent with standard Fortran order. This is described in Section 4.1. Section 4.2 discusses changes made to improve communication efficiency through use of multiple word packing. Changes relating to FFT performance are briefly described in Section 4.3. Finally, the replacement of two short code segments by CMSSL calls is explained in Section 4.4.
Axis Reordering and Ensembles
The order of axes in the baseline version was determined largely by compiler restrictions, specifically CM Fortran version 1.2 and earlier. In the new CM Fortran version 2.1 compiler, most of these restrictions have been relaxed (under appropriate compiler options) so that memory locality considerations common to conventional architectures are now of highest priority in selecting axis ordering.
Figures 4 through 6 show the old and new axis orders for the major shapes. There were two basic goals of reordering. First, to maximize memory reference locality (and to provide large contiguous blocks for important operations), an axis ordering was selected which generated the longest strings of whole axis array descriptors before the appearance of a scalar axis index. That is, long sequences of leading colons in a variable reference such as i(:,:,:,:, A) were preferred to i(:, :,k,:,:). The new axis ordering is also a good one for shared memory systems. The second factor affecting axis ordering was to provide a basis for the use of array aliasing (described in the next section). Array aliasing is a rough equivalent of the equivalence feature of standard Fortran and provides a way to improve performance through double and quadruple word memory and network accesses.
A new feature, an ensemble axis, was added to most arrays. The ensemble axis indexes a set of independent forecast variables to be used in computing forecast ensembles. The axis can be set at size one to give an equivalent single forecast model as before. If an ensemble forecast model is desired, the ensemble axis length can be set to the desired size, on the order of 8 to 16. The ensemble axis is spread across processors and offers a new source of parallelism, thereby improving the efficiency of the code, especially on large processor configurations.
Reordering the axes was not expected to give a significant performance improvement. Timings of an intermediate version incorporating just reordered axes confirmed that there was no measurable change in performance.
Communication Packing
A large fraction of the overall performance improvement was obtained through use of more efficient interprocessor communication. In Section 4.2.1 a justification is given for packing single words into double or quadruple word groups and a simple performance analysis is made. Packing not only increases interprocessor communication performance, memory access (especially write access) is also improved. Section 4.2.2 discusses how and where packing was employed.
Packing Rationale
The interprocessor communication system of the CM-5 is packet based with a two word header and up to four words of payload. When communication is needed, current TMC software for send and scan operations uses packets having a payload the same size as the operation element size. That is, a single precision send operation would send data in single word packets. If the data to be sent can be packed into larger units, greater network efficiency can be obtained. In addition, packing reduces the number of packets sent, thereby diminishing any fixed startup cost associated with communication. Empirical trials have shown that packing single words into double words can speed up a typical send operation by a factor of two. Quadruple word packing can give a speedup of about three.
To evaluate the fixed overhead and effective transfer rate for the NMC kernel, assume that communication time t consists of a fixed component u and a time per word w: 
Packing Applications
Packing can be done implicitly or explicitly. Implicit packing relies on the aliasing features of the compiler and run time system to associate an array of double or quadruple word elements with the memory space of an array of single words. The single word array typically has a shape with more axes or the same number of axes but larger axis lengths. Aliasing accomplishes its objective through an alternative array descriptor which maps an existing memory area into a new shape and element size.
Explicit packing creates new arrays from old arrays using standard language features. In particular, the construction of a complex array composed of separate real and imaginary parts using the Fortran cmplx intrinsic function.explicitly packs data into double word form.
Packing can be applied to the send operations and to the scan operations. In the case of the two send operations, packing to either double words (implicitly or explicitly) or quadruple words (implicitly) can be done. The reordered shapes discussed in Section 4.1 were selected, in part, so that two leading length two axes would be available for aliasing. Figure 8 demonstrates the aliasing technique.
For the send operation, both double and quadruple word aliasing versions were developed and tested. In the double word version, an array of type complex is aliased to an array with a leading length two axis. This version is faithful to the meaning of the data since the first axis indexes real and imaginary components. A performance improvement of 50% is achieved.
Quadruple word aliasing involves absorbing another length two axis indexing even and odd components, handling the result as if it were of type double complex. Communication performance of send operations increased an additional 44% through this change. However, the double complex type is actually improper and any operation other than copying (such as complex addition) would produce erroneous results.
For the scan operations, double word aliasing was employed. Quadruple word aliasing will not work for the add scan because, as mentioned above, the data is improper. The copy scan used in the grid-to-spectral conversion is a candidate for quadruple word aliasing because arithmetic is not performed on the quadruple word elements. In this version, however, the copy scan has been temporarily replaced by an add scan due to the copy scan's poor performance. Copy scan performance, currently limited by an especially inefficient implementation, is expected to increase in the near term. When performance improves, a quadruple word copy scan may then be advantageous.
FFT Shape Changes
Early experimentation with the FFT routines from the CM-5 CMSSL [3] revealed that the 18 vertical level FFTs which were done efficiently on the CM-200 were inefficient on the CM-5. This has been attributed to the algorithm used in the CM-5 FFT which essentially involves transposing the FFT axis so that it is serial. When the vertical axis length was increased from 18 to 20, a large performance improvement was observed, on the order of 200 times faster. Since the current need is to provide even greater numbers of levels, FFT performance is no longer problematic. Once the relationships between FFT axis length and other axis layouts are known, it is relatively easy to find a size which is efficient. In particular, multiples of 8 perform well for both T84 and T170 model resolutions.
Use of CMSSL BLAS Routines
The conversions from spectral to grid representation and back include expressions which can be cast as Basic Linear Algebra Subroutine (BLAS) level 2 operations (i.e., maxtrix-times-vector operations). Since CMSSL provides optimized routines for some of these BLAS routines, a performance gain is possible. Applications of level 2 BLAS routines were made in the forward and inverse Legendre transforms.
The basic CMSSL outer product operation is defined as A = xy T where A is a matrix result and i and y are column vectors. The CMSSL outer product can handle multiple instances of the outer product in a general way and hence can be applied in situations which appear quite different than the simple definition. The fragment of code shown in figure 9 which evaluates the summation terms in the Legendre transform
n is such a case. In terms of shapes, the outer product is producing (2,2, cmn2, ens, leva) 8 (2, cmn2, ens, lats) => (2,2, cmn2, ens, lats, levs).
The outer product is revealed in the last axes of the two operands, fin and pin, and the last two axes of the result, fins. Figure 10 shows the replacement code. The spread operation duplicates the jf n (0) values to achieve a compatible shape for the CMSSL operation. The BLAS matrix-times-vector routine is applied to perform the complete transform. In terms of simple vectors and matrices, the computation is y = y + Ax. The code fragment replaced is shown in figure 11 . The new code fragment is shown in figure 12. In the code fragment, the role of the matrix is played by the fins array. The k subscript marks the axis acting as the matrix row and the Its subscript appears in the axis indexing columns. It is easy to verify correctness since the Its axis is summed out and does not appear in the result whereas the column axis k axis does appear in the result.
DETAILED RESULTS
This section gives more detailed performance results. Some of these results are calculated rather than measured. Values for the CM-200 were obtained by scaling performance results from an 18 level model to 32 levels. Experience on the CM-200 has confirmed that scaling to a larger number of levels is an accurate representation of performance, assuming sufficient memory is available. 6 UNIMPLEMENTED ALTERNATIVES Several optimizations were considered or prototyped but not implemented in the final version. The concepts behind these unimplemented changes are valid so some or all of them may be implemented at a later time when circumstances, primarily system software performance, improve. 
Parallel Latitudes
An earlier version of the kernel for the CM-200 used a parallel latitude axis in the fins shape used during step 1 of the spectral to grid process shown in figure 3 . This was found to be useful at the limits of scalability when the spectral truncation (or resolution) is small relative to machine size. Since the 256 PN CM-5 operates as if it has 1024 processors (the VUs), the CM-5 is actually a more parallel machine than the CM-200 owned by NRL. This means that the situation where parallel latitudes are beneficial is more common for the CM-5 than for the CM-200.
Parallel latitudes are implemented on the CM-200 using a send and copy scan approach. Parallel latitudes may also be implemented using the CM-5 CMSSL vector outer product routine. Due to the relatively poor CM-5 performance of both the scan and outer product, the cost of establishing the parallel latitudes axis is not competitive with the current serial latitude axis. Improved CMSSL and scan software may change this tradeoff in the future however.
Segmented Scan
The performance of segmented scan operations on the CM-200 was found to be about three times slower than unsegmented scan operations. In the process of improving performance for the CM-200, the segmented scan used for the Legendre transform was replaced by an unsegmented scan and a more expensive send. These operations correspond to steps 3-5 of figure 3 . The send involved moving twice as many elements as for a segmented scan, thereby increasing the send time. However, the tradeoff favors the more expensive send operation and faster scan combination.
The tradeoff continues to be favorable on the CM-5E but there is a potential that the revised scan routines will change this. If the segmented scan becomes more efficient, either through a more efficient implementation or via the idea expressed in Section 6.4, it may be possible to return to a segmented scan and a less expensive send operation.
Gather/Scatter Operations
The best-performing version of the kernel on the CM-200 used the TMC Communication Compiler to optimize the routing of communication operations. While this was highly successful on the CM-200, the CM-5E communication system is autonomous and no such routing optimization is expected to be possible. The highest performance communication packages available on the CM-5E are sparse_util_gather, sparsejutil-scatter, sparsejitil_vec_gather, and sparsejitil.vecjBcatter. Because of intrinsic shape requirements, these would be needed in pairs to replace a single send. TMC analysts have speculated that a performance gain may be possible but have also indicated that additional routines with more compatible shape requirements are forthcoming.
New Segmented Scan Concept
The relative cost of segmented scans compared to unsegmented ones has been an important factor in kernel optimizations both on the CM-200 and CM-5. On the CM-5 at least, the explanation for lower performance of segmented scans stems from the extra memory accesses to load segmentation information and from extra VU instructions to apply the segmentation masks to intermediate scan values. Of these two components the memory access is presumed to be larger.
The current segmentation capability is general in that each scan instance may have a separate segmentation structure (i.e., sequence of segment start bits). However, in the authors' experiences using scans, dating back to the original Connection Machine CM-1, most segmented scans have used the same segmentation structure across all instances. If the memory access of the segmentation information is a large component of the cost of doing segmentation, it may be possible to improve substantially segmented scan performance by using the fact that segmentation is often the same across all instances. The memory access for segmentation information would then be amortized across the instances.
Software changes to implement the additional scan capability should be rather low. A change in the application interface would also be required. This could be done by adding an additional parameter to the existing scan interface indicating that the segmentation structure is the same across instances. Alternatively, a new interface could be provided for the specialized version. This latter approach has the advantage that no existing user program would be affected.
Level-Combined Legendre and Fourier Transforms
It is possible to reduce the number of instances in the FFTs by combining pairs of them. This is a consequence of the fact than complex-to-complex FFTs are used when only conjugate-symmetricto-real FFTs are required. Furthermore, the same approach can sometimes be used in the Legendre transforms.
Deferring implementation of these ideas is partly due to time and machine availability constraints. Additionally, since the relative speeds of FFT, scan, and send operations are critical implementation tradeoff parameters, a decision was made to defer these changes until the improved scan software is available. 
= g(t) + ih(t).
When g(t) and h(t) are known to be purely real functions, the two transforms g(t) and h(t) can be separated from f(t). This situation applies in the case of the spectral quantities of the forecast model but a complication arises in that half of the spectrum is implicit in the conjugate-symmetry stemming from the fact that g(t) and h(t) are real. To use packing, the full spectrum must be used, potentially doubling the amount of information sent. (6) .
The two components G l (6) and S l (0) can be recovered at this point through In terms of the send operations, the changes include transmitting both non-negative and negative frequencies into the grid shape. This is no more work than the current approach since there are half as many levels. Furthermore, The current send operations differ in that the send from spectral to grid, which must transmit both beginning and ending values, involves twice as many total elements as during the inverse process. Current timings differ, however, by a ratio of about three to one rather than two to one. Thus, it is possible that, assuming performance differences are due to network congestion, sending half as many elements may be more than twice as fast. Separating the Fourier components after the forward Legendre transform but before an FFT to grid space involves a send from the grid shape into itself. We expect to make use of the increased memory size and computational power of the CM-5 in two ways. First, we will be able to run a version of the code which executes an ensemble of forecasts in parallel. Ensemble forecasting is an active research area which promises to improve the estimation of forecast uncertainty.
The second development thrust is to increase model resolution. Simply increasing resolution, however, is expensive because the timestep must also be decreased to maintain stability. Semilagrangian timestepping allows significantly larger timesteps and we have begun the large effort involved in implementing a semi-lagrangian capability in the model. Thinking Machines Corporation is planning an improved implementation of the scan library used in the kernel. Scan operations are two of the largest components of the kernel run time so a reduction in their run times will mean a significant reduction in overall kernel execution time. Additionally, improved run time software is expected which will take advantage of the recent upgrade to CM-5E configuration. The net impact of system software upgrades is hard to quantify. We expect at least a 25% to as much as a 100% overall improvement in kernel performance.
One final area of future planning involves translation of the existing CM Fortran code to High Performance Fortran [5] . This promises to give a degree of portability to the model, allowing comparison of machine performance based on a single software benchmark.
CONCLUSIONS
The experience of optimizing the NMC weather kernel for the CM-5 has shown that the data layout chosen for the CM-200 continues to be a good one for the CM-5. This is reassuring for the long term viability of our code, especially given the significant architectural differences between the SIMD CM-200 and the inherently MIMD CM-5.
The largest change in the kernel, reordering axes, was made to bring the code into closer accord with the Fortran 90 standard. There is no inherent logical change in the code derived from the reordering. The new axis order may make it more feasible to run an efficient version of the kernel on a uniprocessor.
We await an opportunity to port and run the kernel on an MPP architecture from another vendor. Good performance on such a machine would lend support to efforts in parallelizing the code on Connection Machines.
